SUMMARY Right anterior oblique cineangiograms from 19 subjects without evidence of heart disease were analysed to assess regional non-uniformity in the time of onset of systolic inward motion, amplitude of systolic motion, time of peak inward motion, and wall motion during the isovolumic relaxation period. The left ventricular silhouette was digitised frame by frame for a full cardiac cycle. These four wall motion variables were quantitatively measured along 40 chords drawn from equally spaced points on the end diastolic silhouette to the nearest point on the end systolic silhouette. Onset of systolic inward motion was significantly non-uniform, being delayed by up to 120 ms in the anterior apical chords compared with the areas of earliest inward motion near the base of the heart. More uniformity was noted in time of peak inward motion; the differences between regions were not statistically significant. Amplitude of systolic motion was significantly less at the apical and mid-anterior segments than elsewhere in the heart. Wall motion during the isovolumic relaxation period is outward and greatest in the mid-anterior segments, but inward in the proximal inferior segments and mitral valve region.
Coordination of left ventricular wall motion group.bmj.com on April 13, 2017 -Published by http://heart.bmj.com/ Downloaded from The time of maximum systolic motion was identified as the time of maximum inward motion if the criteria listed above for onset of inward motion were met, or the time of maximum outward motion if the above criteria for onset of outward motion were met. The amplitude of systolic motion is the net wall motion occurring between the time of onset and time of peak systolic motion. Similarly, wall motion during the isovolumic relaxation period is the net wall motion between end systole (the frame of minimum cavity area) and mitral valve opening. Outward motion, the usual direction during the isovolumic relaxation period, carries a positive sign.
The wall motion data were presented in two ways. The four wall motion variables were plotted against the serial number of each of the forty equally spaced chords about the ventricular circumference. Also the data for the six or seven chords in each of the five standard ventricular segments in the right anterior oblique projection'0 were averaged (table 2). Figure  5 shows the location of these five regions.
To assess the statistical significance of nonuniformity of left ventricular wall motion, one way analysis of variance was used to compare the five ventricular segments with one another.
Results
Figure 6 shows the data for time of onset and time of peak systolic motion (mean (1 SD)) for each of the 40 chords about the ventricular circumference for the 19 subjects. The time of onset of systolic motion varies by 126 ms from 18 (56) ms after end diastolic volume for chord number 13 in the mid-inferior segment to 144 (72) ms for chord number 23 in the apical segment. Table 2 shows the data for the five ventricular segments obtained by averaging the data from the six or seven chords within each segment.
Although the averaging of chords reduces the differences, the non-uniformity of time and amplitude is still apparent. The time of onset of systolic motion varies from 27 (28) ber 36 in the proximal anterior segment, a region showing relatively early onset of motion. The latest time of peak motion (435 (92) ms), however, occurs in chord number 10 in the proximal inferior segment, a segment in which onset of motion is also relatively early. When the chord data are averaged to give values for the five segments, the time of peak systolic motion varies only from 375 (64) ms for the mid-anterior segment to 426 (64) ms for the proximal inferior segment (p = 0-240; table 2).
The amplitude of systolic motion also appears to be non-uniform by this technique, which makes no attempt to correct for shift in the major axis of the ventricle with systole ( fig 7) . Amplitude varies Coordination of left ventricular wall motion anterior segment to 0-85 (0-25) cm for the midanterior segment (table 2). The differences in amplitude of motion between segments are highly significant (p = 0 005).
Wall motion during the isovolumic relaxation period is also non-uniform (fig 8) , varying from 0-38 (0 22) cm (outward) for chords number 33 and 34 in the proximal anterior segment to -0-16 (0-34)cm (inward) for chord number 6 in the proximal inferior segment. Displacement for chords 1-5 in the mitral valve region is also generally inward. When examined by segments, motion during the isovolumic relaxation period is relatively uniform for all segments (0-22-0-29 cm) except the proximal inferior segment (0-02 (0-15) cm). This non-uniformity of motion between segments is statistically significant (p < 0-001; table 2).
Discussion
Our objective analyses of left ventricular wall motion in normal subjects indicate that both amplitude and timing of wall motion are non-uniform about the circumference in the right anterior oblique projection. The onset of systolic motion in the apical chords is delayed by up to 126 ms compared with the chords with the earliest onset. In the apical and anterior chords, the amplitude of systolic motion is reduced to as little as 54% of that in the chords with the greatest amplitude. The distribution of chords with reduced amplitude, however, does not correspond to that with delayed onset of systolic motion. Wall motion during the isovolumic relaxation period is also non-uniform with the mitral valve region and proximal inferior segment demonstrating inward motion, while the other segments show outward motion.
ONSET OF SYSTOLIC MOTION
As shown in fig 6 and table 2 , the onset of systolic motion is relatively synchronous for the proximal inferior, proximal anterior, and the mid-inferior segments. In the apical and mid-anterior segments, however, onset of systolic motion is significantly delayed. Artefact of the method due to shift of the axis of the ventricle during contraction, delay in electrical activation, and initial isometric contraction are possible explanations for this delay.
With systole the major axis of the left ventricle appears to shift anteriorly and laterally (vide infra). An anterior-lateral long axis shift producing apparent hypokinesis might also produce an apparent delay in onset of inward motion in the midanterior segment. This mechanism, however, cannot account for the delay in the apical segment because wall motion in this segment is generally parallel to the shifting long axis. In fact the delay in the apical segment is almost three times the delay observed in the mid-anterior segment (75 ms vs 30 ms). Some of the observed hypokinesis in the mid-anterior segment could be the result of axis shift, but the axis shift cannot explain the delay in onset of inward motion in the apical segment. We conclude that the delay in onset of systolic motion at the apex is not an artefact of the method.
In 1978 Gibson et al noted the asynchrony in onset of inward motion in normal subjects.3 Subsequently Clayton et al and Klausner et al have also reported delayed onset of contraction at the apex.2 l The maximum asynchrony in their study was 25 ms, however, much less than the 126 ms in the present study. There are significant differences in methods that may account for this discrepancy: Clayton and Klausner and colleagues constructed a major axis for each frame (that is the equivalent of realigning on the long axis), and time of onset was taken as the longest chord or radius rather than as a specified slope. Use of the longest chord rather than a slope to indicate onset is much more sensitive to noise, such as incorrect identification of the silhouette position in a single frame. The magnitude of the asynchrony in the present study is similar to that previously reported from this laboratory based on analysis of contour plots only3 (for example fig 4) . The amplitude of systolic wall motion is relatively uniform in the proximal inferior and mid-inferior chords (1 1-1-3 cm) , falls markedly to about 017cm in the anterior apical and adjacent mid-anterior chords, and returns to 1-1-1-3cm in the proximal anterior chords (fig7). If this non-uniformity were to be explained solely by a shift in the major axis anteriorly and laterally, one would expect the amplitude in the mid-inferior region to be increased by an amount equivalent to the decrease in the midanterior region. This is not the case; amplitude in the mid-inferior segment is essentially the same as that of other segments, except for the mid-anterior segment which exhibits a 3-4 mm decrease in amplitude of motion. The failure to see increased amplitude in the mid-inferior segment suggests that the angular shift of the long axis of the left ventricle in the 300 right anterior oblique projection is substantially less than the 40 previously reported, '8 19 since an angular shift of this magnitude would produce an increase of approximately 4 mm in amplitude in the mid-inferior segment. In fact the absence-oinferior hyperkinesis suggests that the apparent shift of the Hammermeister, Gibson, Hughes long axis may be an illusion caused by the normal hypokinesis of the apical and mid-anterior region. Endocardial motion is closely related to changes in wall thickness,20 again indicating that displacement of the entire ventricle cannot be used to explain endocardial wall motion.
Finally, we considered whether translation of the ventricle along the major axis toward the apex during systole could contribute to the reduced wall motion at the apex. The aortic valve plane descends in systole (1-30 (0-32)cm in these 19 normal subjects) as was described by Keith in 190721; but this is the same as the amplitude of motion seen in apical chords 19-22. Thus at the very apex and the aortic valve the ventricular silhouette seems to move equally towards its centre of mass. Nevertheless, the descent of the aortic valve over the bolus of blood in the left ventricle undoubtedly contributes energy to aortic blood flow by virtue of passive elastic recoil during diastole. The descent of the aortic valve plane, however, does not seem to contribute to the reduced wall motion amplitude, which is greatest anterior to the major axis.
Several other experimental and clinical studies have also shown reduced amplitude of wall motion in the apical region despite various realignment schemes. 18 19 22 23 We conclude that the reduction in wall motion amplitude in the anterior apical region cannot be satisfactorily explained by an axis shift. For the reasons given in the discussion of time of onset of systolic motion it seems likely that contraction here must be initially isometric.
TIMING OF PEAK SYSTOLIC MOTION
The time of peak systolic motion is somewhat earlier in the mid and proximal anterior regions than elsewhere. As shown in fig 6, there is no relation between time of onset of systolic motion and time of peak systolic motion. This provides further evidence for a dissociation between electrical and mechanical events, since repolarisation generally occurs in a reverse sequence from depolorisation, with repolarisation occurring earliest at the apex. Early diastolic motion is probably in part the 233 result of the release of stored potential energy accumulated during systole by deformation of elastic components in the ventricular wall. The rate and magnitude of such energy release would be highly dependent of myocardial fibre architecture and overall wall geometry, which is both complex and non-uniform. Thus a close relation between onset of outward motion and inward motion would not be expected and was not found.
The normal delay in onset of inward motion and the reduced amplitude of motion in the anterior apical region may be a partial explanation for the propensity for aneurysm formation in this region. The reduction in radius of curvature with reduction in cavity size is a mechanism for reducing myocardial fibre stress during systole. The normal delay in onset of inward motion in the anterior apical region implies that myocardial fibre stress may be increased in early systole here (that is to the extent that isometric contraction occurs). The reduced amplitude of inward motion results in maintenance of high systolic stresses for a prolonged period in normal subjects, as the increase in wall thickness and reduction in radius of curvature that reduce systolic stress elsewhere are delayed at the apex. It appears that myocardial fibre systolic stress is much more heterogeneous throughout the ventricle than most mathematical models imply; this has important implications for the response to pathological processes. With only a modest degree of myocardial damage the initial isometric contraction may be prolonged throughout systole resulting in akinesis. With greater myocardial damage the anterior apical fibres are unable to maintain even a constant length during systole and systolic bulging or dyskinesis occurs.
In coronary artery disease the generally larger infarct size with anterior infarctions is another explanation for the location of aneurysm in the anterior apical region. On the other hand, the normally prolonged high systolic stresses in this region may contribute to increased myocardial necrosis because myocardial fibre stress is a major determinant of myocardial oxygen demand.
In the earlier stages of Chagas's disease, aneurysms are seen primarily in the anterior apical region,4 although there is no reason to believe that the initiating infectious process is similarly localised. The inferior hypokinesis that we observed in patients with early Chagas's disease4 and the observation that late stages of the disease give a diffuse dilated cardiomyopathic pattern are further evidence of the generalised nature of the infectious process. Here too, the normal non-uniformity of myocardial architecture, timing, extent of motion, and myocardial stress offer an explanation for localisation of aneurysm formation to the apex.
Hammermeister, Gibson, Hughes Finally, the normal non-uniformity of wall motion makes subjective assessment of lesser degrees of segmental dysfunction difficult, if not impossible. Systolic wall motion in the anterior apical region of 0 5 cm or one half of that elsewhere in the ventricle falls within one standard deviation of the normal mean for this region (fig 7) . Thus subjective interpretation might result in a diagnosis of anteroapical hypokinesis, when wall motion is no different from normal. More importantly, abnormalities in timing of wall motion both at the onset of systole and during relaxation often occur in clinical heart disease, but their possible effect on prognosis have been little explored. Abnormal coordination of wall motion depends upon the recognition of the asynchronous nature of wall motion in normal subjects.
In conclusion, careful quantitative analysis of left ventricular wall motion in normal subjects showed that both the timing and extent of wall motion are non-uniform. The normal delay in electrical activation of the apex means that afterload is already considerable when contraction begins. The obligatory electrical delay superimposed on regional differences in myocardial fibre structure and orientation35 results in initial isometric contraction, which further delays the onset of inward wall motion in the anterior apical region by as much as 126 ms over the area of earliest wall motion and reduces the amplitude of inward motion. The non-uniformity of structure and function of the left ventricle implies that the many models used to calculate wall stress, compliance or stiffiess, and many other variables, which are based on the assumption of uniformity, are not necessarily tenable. With the pronounced differences in timing and amplitude of motion between regions of the normal ventricle, it could be expected that similar pathological processes might produce different wall motion patterns depending on the regions involved, as we have observed in patients with Chagas's disease.4 Finally, the assessment of regional left ventricular function requires a recognition of the normal regional non-uniformity of timing and amplitude of motion. The present study provides a basis for comparing the timing and extent of wall motion in various diseases.
